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Definition: Cyclodextrin-based nanosponges (CD-NSs) have gained importance in drug delivery
in the last years due to their easy synthesis and versatility. However, their use as carriers for the
delivery of macromolecules such as proteins is less known and sometimes difficult to consider. In
this entry, the authors summarize and highlight the multiple possibilities of CD-NSs to deliver active
proteins, improving their activity or stability. Starting with a brief description of CD-NSs and their
characteristics, the entry will be focused on several proteins, such as (1) Lipase, (2) Insulin and
(3) Nisin, for chemical or pharmaceutical applications. The revised results demonstrated that CD-NSs
can generate different and interesting applications with proteins. These results could be added to
their uses with small drugs, being an interesting alternative for protein delivery and applicability.

Monfared, Y.; Vidal-Sánchez, F.J.;
Caldera, F.; Cavalli, R.; Trotta, F.;

Keywords: cyclodextrin based nanosponges; protein; enzyme; Lipase; Peroxidase; Insulin; Nisin

Matencio, A. Cyclodextrin-Based
Nanosponges and Proteins.
Encyclopedia 2022, 2, 752–760.
https://doi.org/10.3390/

1. Introduction

encyclopedia2020052

Although novel drugs still arrive on the market every day, they usually present
problems concerning their solubility and stability. For years, the use of cyclodextrins (CDs)
to carry small drugs has been exploited. CDs are well-known to the scientific community
for their uses in solubilizing poor-soluble drugs [1–3]. Chemically, CDs are cone-shaped
oligosaccharides obtained from starch with α-(1,4) linked glucose units. The most common
CDs are the natural derivatives with six, seven and eight glucose units called α, β and γ-CD,
respectively. The CD ring is a conical cylinder of an amphiphilic nature, with a hydrophilic
outer layer (formed by the hydroxyl groups) and a lipophilic cavity [4]. Classically, poorlysoluble drugs are complexed with CD, creating the so-called “inclusion complex”, which
increases its solubility, stability or bioactivity [5–7].
In some cases, their capacity lacks in efficiency due to the complex structure of the
drug or the desire of different profiles (e.g., slow release), and different materials have been
prepared to improve their properties, such as the cited Cyclodextrin-based Nanosponge
(CD-NS), an innovative cross-linked polymer with a three-dimensional network and a
tunable structure with crystalline, amorphous or spherical structure and possessing good
swelling properties [8]. Recent reviews [9–12] indicate their wide potential and negligible
toxicity [13,14], increasing their biocapacities in several applications, including the ability
to (i) improve the apparent solubility of poorly soluble drugs, (ii) modulate drug release
and activity, (iii) protect drugs against several agents, (iv) enhance bioactivities, (v) absorb
contaminants or deliver the drug, etc.
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Figure 1. Schematic synthesis of (a) CD-based polycarbonate NSs and (b) CD-based polyurethane
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Figure 2. Schematic representation of proteins loaded in CD-NSs. The different chains of the protein
are represented in green, red and blue.
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at 22 ◦ C for 4 h using an HEPES pH 8.0 buffer. When studying the activity profile of the
enzyme at different levels of the pH and temperature, a shift of the optimal temperature
from 30 ◦ C to 50 ◦ C was observed. Likewise, another shift was observed in the optimal pH
from 8.5 to 9.5, showing activity even at pH 6.5, where the free enzyme was inactive. The
native free form of the enzyme showed a Michaelis–Menten constant, KM , of 2.0 ± 0.3 µM,
whereas for the CD-immobilized enzyme, this value was increased to 16.6 ± 4.8 µM. In
contrast, the rate constant, Kcat , decreased from 32 ± 2 s−1 to 27 ± 3 s−1 . The immobilization
also produced an increase of the thermostability of the protein, as was shown after several
assays. Therefore, after 90 min of incubation at 40 ◦ C, the immobilized enzyme had 60%
of its residual activity, while the free enzyme only showed 20%. When the incubation
was at 60 ◦ C during 15 min, the free Dioxygenase completely lost its activity, whereas
the immobilized enzyme retained 75% of its residual activity. The storage capacity of the
enzyme was also increased, as the immobilized Dioxygenase still had 50% of its residual
activity after 10 days at 4 ◦ C. The immobilized enzyme also retained activity towards
other substrates such as 3- and 4-methylcatechol and 4-chlorocatechol. The retaining of
the enzymatic activity allowed the construction of a small Dioxygenase bioreactor, which
produced cis, cis-muconic acid from catechol with a high efficiency for 70 days.
3.2. Lipase
Lipase is an enzyme classified as triacylglycerol hydrolase (EC 3.1.1.3) with the biological function to hydrolyze fats through triacylglycerol hydrolysis. However, in the presence
of micro-aqueous media, it is able to produce the reverse reaction, trans-esterification [33].
Several studies have demonstrated the capacity of CDs to increase the yield of esterification
by the increase of apparent substrate solubility [34,35], even when sometimes used as a
support [36,37]. In this last aspect, a non-covalent immobilization on carbonated CD-NSs
was tested as a possible support for Pseudomonas fluorescens Lipase for the first time [18]. To
carry out this adsorption, CD-NSs and Ps. fluorescens Lipase were incubated in the presence
of a phosphate buffer of pH 8 and Triton X-100. Although urethane NSs presented a higher
kinetic adsorption of Lipase (achieving the maximum at 20 h, 12.5 mg Lipase/g), the carbonated CD-NSs presented better activity (6.6-folds higher) and were prolonged in time; in
these cases, no enzymatic release was detected after 66 days from the immobilization. The
authors suggest this stability and effects might have been caused by (i) the complexation of
hydrophobic moieties of the Lipase and (ii) tertiary contacts between hydroxyl CD groups
and proteins.
After study of the optimal temperature and pH, the effect of detergents was determined. Usually, immobilized Lipase requires a bit of non-ionic detergent to be activated.
The presence of 0.1% Triton X-100 doubled the activity of the immobilized enzyme, with
10 mM of phosphate buffer being the selected ionic strength too.
The activity of the immobilized enzyme in comparison with the free one was measured
under continuous-flow conditions plus stirring (slurry conditions). The results demonstrated that the immobilized Lipase retained ~80% activity as compared to the enzyme in
solution, achieving the stationary phase in 1 h and the enzyme still being proficient after
3 days in a state of flux, without evidence of a release or yield decrease. The immobilization
was able to protect the activity of the enzyme at pH 5; while the free enzyme was instantaneously inhibited, the immobilized enzyme remained at 80% of its activity. As reasonable
explanation, the authors claimed a possible additional stabilization of the enzyme due
to non-covalent interactions between some aminoacids and nanosponges. Similar results
were reported in a study of the effect of methanol, e.g., at 70% v/v of methanol, the free
enzyme was inactive in comparison with the immobilized, which presented 13% of activity.
3.3. Peroxidase
The enzyme Peroxidase (E.C. 1.11.1.x) has different biological functions, such as to
catalyze the oxidation of a variety of organic and inorganic compounds [38]. However, it
is commonly used for different purposes, such as immunostaining [39]. In an interesting
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study, the team of Fragoso et al. prepared horseradish Peroxidase (HRP) encapsulated in
CD-NS immunoconjugates as a signal enhancement tool in optical and electrochemical
assays [19]. In this study, pyromellitic nanosponges were used to prepare a particle where
the anti-IgG was bonded to CD-NS using N-hydroxysuccinimide and HRP was adsorbed
by stirring (62 h, 4 ◦ C, pH 6.5). The results showed that HRP was adsorbed inside the NS,
while the antibody remained outside of the particle. Indeed, the dependence of activity on
pH showed a considerable influence of the microenvironment, because the optimal range
of pH was wider than the free HRP. Even the signal was increased 3.2-fold in the presence
of NSs.
3.4. Bovine Serum Albumin
In an interesting article, Swaminathan et al. described the use of poly(amidoamine)
nanosponges, named PAA-NS10 and AA-NS11, to complex Bovine Serum Albumin (BSA)
as a protein model [17]. These NSs are structurally different compared to the previous
carbonated NSs and obtained a 90% (PAA-NS10) and 92% (PAA-NS11) encapsulation
efficiency. The values of encapsulation efficiency were increased proportionally in relation
with the quantity of PAA-NS added; an increase from 0 to 1% w/v of PAA-NS resulted
in a maximum increase of 0.3% of the encapsulation efficiency. The slight differences in
the encapsulation efficiency seemed to be related to the additional nitrogen atoms or the
different crosslinked structure. Finally, the in vitro release showed a much slower release
of both NSs against the β-CD/BSA complexes.
3.5. Lysozyme
The same principle was utilized for Lysozyme, an antibiotic enzyme naturally presented in saliva (among others), to improve its stability and bioactivity [20]. Carbonated
β-CD nanosponges were employed with three different molar ratios, 1:2, 1:4 and 1:8, but
with the addition of CaCO3 and carboxymethyl cellulose to increase the number negative
charges (-COO- groups) to absorb Lysozyme, because its isoelectric point (pI = 11) suggests
a higher positive charge at a neutral and slightly alkaline pH. The adsorption and desorption of Lysozyme showed a dependence on temperature, pH, type of NS and formulation,
increasing the particle size distribution from 347 to 550 nm. The release profile was even
severely affected by the formulation used and affected by the addition of CaCO3 , which
increased the release percentage. The formulation called 5LF9 (15 mg Lysozyme with 5 mg
of β-CDI with CaCO3 and carboxymethyl cellulose) showed the highest release and was
able to keep the material stable for 2 months. The bioassay with the bacteria Micrococcus
lysodeikticus caused the decrease of turbidity as a consequence of the bioactivity.
3.6. Nisin
One of the latest application examples was the study of the natural antimicrobial
peptide Nisin by prof. Trotta’s group for anticancer and antimicrobial applications [22,23].
In these publications, two different NSs such as BCD-PYRO (1:4) and βCD-CDI (1:4) were
used to complex Nisin against two different cell lines: breast and colon cancer cell lines.
The loading of Nisin into CD-NSs was proven using the changes in the particle size and
Z-potential values; in addition, the complexes showed a slower release of Nisin compared
to free-Nisin (7-fold in 5 h). In addition, CD-NSs were able to protect the peptide of specific
pepsin degradation, as suggested in the SDS-PAGE study. In both cell lines, the use of BCDPYRO and βCD-CDI enhanced the cytotoxicity capacity of Nisin, but only with statistical
significance between both carriers in colon cancer cells. The study of the specific route of
cell toxicity was carried out using flow cytometry, and it occurred by the apoptotic pathway,
with late apoptosis/necrosis for colon and early apoptotic for breast cancer.
The antimicrobial enhancement of a Nisin-loaded NS was tested against Gram-positive
(Staphylococcus aureus) and -negative (Escherichia coli) bacteria. The results showed that
the antimicrobial activity was significantly increased when the complexed form was used
(Figure 3). An interesting point was the total viable counts (TVCs) obtained of cooked
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Figure 3. Schematic representation of the anti-bacterial effect of Nisin complexed to CD-NSs.
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BCD–PYRO was able to promote the internalization of Insulin as the cell line experiment
demonstrated: the plasma concentration of Insulin was halved after 1 h, followed by a
pseudo-plateau for the following 4 h. The fact that no peak of Insulin was found in the rat
plasma of the free Insulin group demonstrated that the presence of BCD–PYRO was the
principal factor to promote the internalization of Insulin. Finally, no toxicity of this CD-NS
was found up to 2000 mg/kg.
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